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[1T — 1) Quasi-isobaric approximation. LowMach number

p(uViux —-Vp = ip= pudu
p=pa® = 0p/p~ u’/a®=M? < fu~u
slow evolution 0/0t ~u.V < a|V|
+ very subsonic flow = M®* <1 = &p/p<dT/T = O(1)
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Planar flame reference frame of flame

Flame
Ur U,
—_—>
Unburnt Burnt
mixture gas

Lean methane flame

0 TN

m = p,Ur = ppUs, Uy /Ur = T[Ty, =438

——— 0.2

10— \\ // . 2 mass flux across the planar flame
§1200 :g%cg) HZO;OJ%
2 so00] // — | 5 quasi-isobaric approximation: pT" = cst.
400— / ] g
— N\ Ao
0.2 0.0 O'2X(Cm) 0.4 0.6
d7" d dT N
. mcy,— — — (A) = ZQ(J)W(J)(T, LY.
equations de do \ dz - m?
dY; d dY; () L
‘- Di— ) =Y 9 MWVUNT,. V..

boundary conditions

J
r=—00: T=T, Y=Yy, WW=0 frozen state
r=+4o00: dT'/dx =0, Y; =Y}, W) =0 equilibrium state
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I1T —2) One-step irreversible reaction
R— P+ (Q

R in an inert ; Y = mass fraction of R

Velocity and structure of the planar flame

'  d ( )\d_T> — quW q,. = energy released per unit of mass of R

e dr dx dx

m = p, Uy, unknown
dy d dY :
m— — — (pD > —pW

dx dx dz N
mY, = / pWdx

— OO

r— —o0: Y=Y, T="1,
r— +oo: Y =0 Cp(Tb_Tu)ZQmEqRYu

Arrhenius law

Y 1 o—E/kBT 1 o—E/kpT,
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I11 —3) Unity Lewis number and large activation energy

T—-1T, Y E T
0 = 0.1 = _— 0.1 — _Tu
dé d*6 W dy  pDp d%y 1% W Y T
T R 'OYM’ "dr T TLe da? Yiu' pYu po Trbe i
r=—-00 :0=0,v=1, r=+4o00 :0=1,v=0
Le=1
dé 4?6 W W 1-6) _m
:1_9 _ —_— = )— — = _Tﬂ(l_e)
v M TP T A T Py, Py, =P,
r=—00 :0=0, r=+4o00 :0=1,
Preheat Reaction
Zzone Zzone 1
m)\@ :E < 9|0:1§L] m)\wl(e) /3 >> .
: WEEE: 5 W w'(6)
g | S i Py = Po
5 Uné)elljént : § : : u Trb
5., | w'(0) & (1 — )™ 7070
2 0—0 3 AR (reaction rate is non negligible only when T =~ Tp)

o

Reduced
temperature

Le=Dr/D| Reduced temperature and mass fraction
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I11 — 4) Zeldovich, Frank-Kamenetskii asymptotic analysis

one Gone 0 — 00
m/\g m/\w’(e)
e
Gé_ Unburnt % : : d(g d29 W
2 as g I — —pDp— = p— ?
2 g 3 Il Tz P T Py
3| @ 3| ® | Zeldovich 1938
ri1g=0 ‘IO f1Q x:—oo:@:()7 aj:—I—OO:9:1,
tequnepdeurczjl?tcjj re
W' (0) ~ (1 — 0)e=P1=0) PW Y = pow'(6) /7o
preheated zone W ~o0
mdf/dz — pDpd?6/da? = 0 pDr = cst. p = eme/PDT

origin x = 0 : location of the reaction zone § =1

dL = pDT/m — DTu/UL

matching condition

heat flux into the preheated zone
pDrdf/dx|g—1 = m

should be equal to the heat flux from the thin reaction layer

7
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1-0=0(1/8)| () =~ (1-0)e P10 =0(1/3)

Preheat Reaction
zone zone

D % m— & 1,— _
H : e e —d dedp 00 =0(1/8) \| 4 <« dy
g Unb:srnt g i i P D d_e ~ prTbﬁ ~ prTb l )
3| ° 3 | P d2 dz g /
3| © g ® | Po . 70) ~ P50 ~ P L ¢~ vV DryTrp
o =0 o : Q —W ( ) ~ ~ 6
0 Reduced 17 Trb Trb Trb /

temperature

M pDrd*0/da® = 7 (1~ e =)

2
_Dry d (dO ~ i(l _ 9)6—6(1—9)(1_‘9
2 dx \ dzx Trb dx

2 1 B(1-0)
O=0(1-0) —= Dy (d@) %/ (1 —6)eP1=949 = i/ Oe~°dO
2 dx 0 B2 Jo

Asymptotic solution 8 — oo [ eccde-1

upstream exit of the inner layer  3(1—6) — oo : Dppdf/dx — +/(2/62) D7y /T

downstream entrance of the external zone 6 — 1: ppD7pdf/dz]s=1 =m

matching

m = py\/(2/62)Dry /70, | UL =m/pu, = |d,/dr, = O(1/5) X Ur ~ v/ Dro/Tr

. dimensional analysis
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IIT —5) Reaction diffusion waves

00 940
-di ional f = w(b 0>0 6c|0,1
non-dimensional form 5% " 9 w(6) 0, 1]
propagation of steady state § = 1 into steady state 8 = 0

steady state: w =0 . t Lo tkvoo
\

stable: dw/df < 0,
unstable: dw/df > 0,

(equilibrium state) =1, w=0 -stable steady state

stability of steady states

two different cases depending on the property of the initial state 6 = 0

initial state: (I): 6=0, w=0 metastable steady state (less stable)
' (II): 6=0, w=0 nunstable steady state  (out of equilibrium)

Ad(6) ro(0)

40/d0 = —w(0) »
(I) (I])

=0 =1 9 =0 =1

Metastable state Stable equilibrium state Unstable state Stable equilibrium state



retm propagating planar wave at constant velocity

6 _ 0% _ 9) traveling wave solution (from right to left)
o om0 : ;
0(¢)
0 € 0,1] B t 8/0t = pd/d¢
SETAp 0/dx = d/d¢
do  d°0
‘3 " ag ~ Y
1t is an eigenvalue of the problem
d® /0 = —w(0)
E=—-o0: 0=0, w=0, 12 ?”)”)
initial state PN
(I) (I1)
E=40: 0=1, w=0 |
ﬁnal (equj'librium) State Metgsgb(l)e state Stable equilibﬁu:r:n état\e Unsetaileostate Stable equilibﬁuE; Sltat;

¢ unknown, number of solutions 7

S 40 =1

?

© Upstream Downstream

& | unstable state equilibrium state
ZFK flame model: w > 0, case (I1) Sl =0 6=1

o w =20 w =10

5 w(6)

O | §=x+ put

¢=-o0  £=0  £=+oo
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>
54y ) 020 dx d*’X
“(-E Upstream | Downst X = 9’ Y = ,ud@/df 'ud—é' N d€2 — W(X>
':% uns;abf(s)tate equilibriuem:stzite dX/df — Y//L dY/dg — ,LL [Y L C(J(X)]
g w=20 i w(0) w=0
o ! E=x+pt 9
P =0 £ — +oo dY/dX:,u [Y—w(X)]/Y

second order system
Linearisation about | X =0,Y =0land[ X =1,Y =0 wp <0
fixed points: dX/d¢ =dY/d§ =0 f — — 00 f — 00 (equilibrium state)
Y =0,dy/d¢ =0 Two eigenvalues riand r— and two eigendvectors kyand k_

dY/dX =0/0 SX = A ef™ + A ST §Y =k A et kA _efT-

d6X d*X 2 ;o _ 2 _ 4,
'ud—f_ i = wpo X pr —r° —wg =10 2ri—,ui\/,u 4w,
dX dY
Y = pu—r-r — | =k ki =
I d¢ [dX] . + + = UT+
Y A a%g) o A-=0
case ( W case (I7)

Saddle k n

o Saddle k.,
Saddle k+ Saddle ky & \
)
\ N
H > KPP /\ X /\ X

/ \ ko k
A k)X =0 X=1" X =0 X =1 k-

0

Unstable state we > () Equilibrium state w9 <0 Unstable state wé > ( Equilibrium state
Melt%stableto; w <0 Eqwtllt?[rlum £ — — 0 £ — o0 £ — —00 £ — 00 wp <0
equilibrium state state
gl ¢ % “ < Ty 27 > re >0, 1 <0 Tmr_ #0,Imry 20 Rere >0 74 >0, r_ <0
<00 ry >0, 1 <0 Infinite numbers of solutions

One solution One particular solution
1

No solution (4 >0)
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o Unstable medium

H 4 wave velocity

continuous spectrum with a lower bound

_ 2 f
e = pE \/,u 4wy Kolmogorov 1937

Unstable state Equilibrium state

Hmini ==  Mmini = 2\/dw/d9|9:0 lower bound : ry=r_=p/2 ky =k
soft nonlinear term w(6) soft case = collapse of the 2 eigenvalues
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1

the lower bound solution is selected fmini = 2\/ dw/dé|,_, 7& lflame X \/ 9 / w(0)dd
0

000t — 0°0/9¢* = wlh, where w) = dw/d0|,_, >0
(¢, t) = Z(&,t)etwst  9Z/ot —9*Z)IE? =0

7 — 6_52/‘“/\/% 0 o exp|—€2 /4t + Wt —In(t)/2] | €2 ~ 4w+ OK for a soft term w(#)
Wrong for a stiff term w(0)

The lower bound solution changes of nature when w(f) get stiffer
Soft w(f) = 6(1 — )
Stiff w(d,8) = (52/2)0(1 — 0)e P19 g1

12

Clavin, Linan 1984



